Introduction
============

Bone defects occur in many diseases, including osteogenesis imperfecta, trauma, congenital malformations, and tumor resections.[@b1-ijn-13-7395] The repair of critical-sized bone defects remains a challenge for reconstructive surgery and usually requires effective large-sized bone excision with nidus and restoration of the mechanical and biological functions of the bone.[@b2-ijn-13-7395],[@b3-ijn-13-7395] Traditional approaches for bone reconstruction include autologous bone transplantation, allografts, and the use of artificial implants.[@b4-ijn-13-7395]--[@b7-ijn-13-7395] Autologous bones serve as the ideal materials for bone repair, but the applications are limited by the donor site morbidity, insufficiency, and low availability of bone grafts.[@b4-ijn-13-7395],[@b8-ijn-13-7395] Compared to autografts, allografts are associated with the risk of rejection reaction and infection.[@b6-ijn-13-7395],[@b9-ijn-13-7395] The use of artificial implants is limited by their lack of biocompatibility.[@b10-ijn-13-7395],[@b11-ijn-13-7395] Bone tissue engineering is currently considered a potential alternative to the conventional bone grafts because tissue-engineered substitutes possess unique advantages, such as abundant supply and better biocompatibility.[@b12-ijn-13-7395],[@b13-ijn-13-7395] The key elements for bone tissue engineering are seed cells and the scaffold for cell adhesion, proliferation, and differentiation.

Mesenchymal stem cells (MSCs) are the primary seed cells for bone tissue engineering. In comparison to allogeneic MSC transplantation, mobilization of autologous MSCs could avoid the risks of immunoreactions and infection transmission caused by allotransplantation.[@b14-ijn-13-7395] Various cytokines are essential for homing, proliferation, and differentiation of MSCs in the process of tissue repair and regeneration. Stromal cell-derived factor 1 (SDF-1) is the most important chemokine in stem cell mobilization and plays a critical role in mobilization of MSCs.[@b15-ijn-13-7395] However, bone tissue engineering involves a series of biological processes, which include mobilization of MSCs, osteogenic differentiation, and synthesis of extracellular matrix. Apart from SDF-1 for MSC mobilization, there is a need for another cytokine for osteogenic differentiation of MSCs. Bone morphogenetic protein-2 (BMP-2) plays a critical role in the osteogenesis of MSCs.[@b16-ijn-13-7395] However, the short half-lives and the low local concentrations of the cytokines render their application limited.[@b17-ijn-13-7395],[@b18-ijn-13-7395] Therefore, a reliable delivery system to localize cytokines to specific tissues for an extended period of time and maintain their bioactivity could improve the homing, differentiation, and proliferation of MSCs at their target tissue. We have previously demonstrated that self-assembled chitosan oligosaccharide/heparin nanoparticles (CSO/H NPs) have a high loading capacity for multiple cytokines.[@b19-ijn-13-7395] Both SDF-1 and BMP-2 possess conserved N terminal amino acid sequences, which could be the heparin-binding sites,[@b19-ijn-13-7395]--[@b21-ijn-13-7395] and could bind to the heparin of CSO/H NPs. Therefore, CSO/H NPs can be used as an attractive SDF-1 and BMP-2 delivery system for bone tissue engineering.

The CSO/H NPs with loaded cytokines could meet the needs of both bioactive factors and seed cells. Bone tissue engineering requires the establishment of an ideal cell carriage or scaffold. The golden standard scaffold for bone tissue engineering is three-dimensional, highly porous, has interconnected structures, is composed of degradable and biocompatible bio-materials, and safely facilitates the long-term sustained release of bioactive factors.[@b16-ijn-13-7395],[@b22-ijn-13-7395],[@b23-ijn-13-7395] The scaffold in this study should be three-dimensional, highly porous, and have interconnected structures that are composed of degradable and biocompatible biomaterials. Most importantly, this scaffold must be able to be modified by the CSO/H NPs. The chitosan-agarose-gelatin (CAG) scaffold was the ideal cell scaffold for this study. The CAG scaffold is composed of chitosan, agarose, and gelatin in varying proportions and has been demonstrated as a potential scaffold for cartilage tissue engineering because of its mechanical strength and porous structure that allow for cell infiltration and proliferation.[@b24-ijn-13-7395],[@b25-ijn-13-7395] The interconnected 3D structures with 85% porosity make the CAG scaffold an attractive candidate for bone tissue regeneration.[@b24-ijn-13-7395] Tan et al reported that the positively charged chitosan/heparin nanoparticles can modify the decellularized scaffold by crosslinking to the negatively charged collagen.[@b26-ijn-13-7395] We hypothesized that the positively charged CSO/H NPs can be used to modify the CAG scaffold by crosslinking to the negatively charged gelatin. Thus, we can prepare a CSO/H NP-modified CAG scaffold for sustained dual delivery of SDF-1 and BMP-2 for bone tissue engineering.

In the present work, CSO/H NP-modified CAG scaffolds were prepared. We demonstrated that these nanoparticle-modified CAG scaffolds could not only allow for MSC attachment, but also cytokine loading, maintaining their bioactivity for a long period of time.

Materials and methods
=====================

Materials
---------

More than 90% of deacetylated CSO (Mw 5,000 Da, Zhejiang, People's Republic of China) and chitosan (Mw 20,000 Da, Zhejiang, People's Republic of China) were purchased from Golden-shell pharmaceutical CO. LTD (Zhejiang, People's Republic of China). Low-molecular-weight heparin sodium (Mw 8,000 Da, from *Fucus vesiculosus*) was supplied by Sigma Chemical Co. (St Louis, MO, USA). Recombinant Human/Mouse/Rat BMP-2 (355-BM/CF) and ELISA kits for BMP-2 were purchased from R&D Systems (DBP200, Minneapolis, MN, USA). SDF-1 (460-SD-010/CF) and ELISA kits for SDF-1 were purchased from R&D Systems (DY 460). Cell Counting Kit-8 (CCK-8, MedChem Express, Monmouth Junction, NJ, USA) was used for the cell proliferation assay. The alkaline phosphatase activity (ALP) microplate test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China) was purchased from Nanjing Jiancheng Bioengineering Institute. The size parameters of nanoparticles were measured by laser diffraction (Mastersizer 3000HS, Malvern Instruments Ltd, Malvern, UK). The morphology of the nanoparticles or scaffold was determined by transmission electron microscopy (JEOL, Tokyo, Japan) and scanning electron microscopy (Hitachi S-3400N, Tokyo, Japan). The fluorescence on mice was detected by the In vivo Imaging System Spectrum (IVIS Spectrum, PerkinElmer, Wellesley, MA, USA).

Preparation and characterization of CSO/H NPs
---------------------------------------------

Self-assembled CSO/H NPs were prepared by self-assembly, and their composition is shown in [Table 1](#t1-ijn-13-7395){ref-type="table"}. First, low-molecular weight heparin sodium solution (0.25 mg/mL) and CSO solution (1.0 mg/mL) were prepared using deionized water. The CSO solution and heparin solution were then mixed in various volume ratios at room temperature and titrated to pH 7.35--7.45 with 1% sodium hydroxide under magnetic stirring followed by ultrasonication.[@b19-ijn-13-7395],[@b26-ijn-13-7395]

The particle size distribution and zeta potential of the CSO/H NPs were measured by laser diffraction (Mastersizer 3000HS, Malvern Instruments Ltd). The morphology of the nanoparticles selected for further use was determined by transmission electron microscopy (JEOL) and scanning electron microscopy (Hitachi S-3400N) after metal spraying.

Fabrication and characterization of super microporous CAG scaffolds
-------------------------------------------------------------------

CAG scaffolds were synthesized following a previously reported protocol.[@b24-ijn-13-7395],[@b25-ijn-13-7395] Briefly, a polymer solution was prepared by dissolving chitosan (100 mg) in 5 mL of aqueous acetic acid solution (1%). After complete dissolution of chitosan, an equal amount of gelatin (100 mg) was added to this solution; polymers were dissolved at room temperature using mechanical stirring. Another polymer solution was prepared by dissolving agarose in boiling water (5 mL). This polymeric solution was cooled down to a temperature of 50°C--55°C. Thereafter, both the polymeric solutions were mixed together. Glutaraldehyde (0.5 mL 0.2% \[v/v\]) was added to this polymeric blend and mixed thoroughly. The solution mixture was poured into precooled syringes and incubated at −12°C for 16 hours, resulting in the formation of an interconnected porous scaffold. The synthesized scaffolds were thawed and washed using deionized water to remove the unreacted crosslinker. Scaffolds were then freeze--dried and stored for further use.

Determination of the porosity, swelling ratio, degree of degradation, and the flow characteristics were in accordance with the method previously reported.[@b24-ijn-13-7395] Detailed methods can be found in the reported protocol and are not repeated in this article.

Immobilization of CSO/H NPs onto scaffolds and then loading SDF-1 and BMP-2
---------------------------------------------------------------------------

To prepare CSO/H NP-modified CAG scaffolds, the CAG scaffolds (diameter: 13 mm and thickness: 2 mm) were cut from the primary samples. The scaffolds were placed in 5 mg/mL of NP solution for 2 hours and then washed with fresh PBS three times, 5 minutes per wash. Glutaraldehyde (0.5 mL 0.2% \[v/v\]) was added to the nanoparticle-treated scaffolds in 5 mL deionized water and continuously incubated for 2 hours at 37°C, followed by washing with deionized water to remove the unreacted crosslinker. Treated scaffolds were then freeze--dried and stored for further use. To evaluate the loading content of CSO/H NPs in the CAG scaffolds, the nanoparticle-modified CAG scaffolds and unmodified CAG scaffolds were weighed using an analytical balance (ATY124, Shimadzu, Tokyo, Japan). Modification efficiency or immobilizing content was determined by the following equation:[@b27-ijn-13-7395] $$\text{NPs~immobilizing~content} = \frac{\text{Weight~of~NPs~modified}\ \text{CAG} - \text{Weight}\ \text{of~CAG}}{\text{Weight}\ \text{of}\ \text{CAG}}$$

The scaffolds immobilized with CSO/H NPs were imaged by environmental scanning electron microscopy (Hitachi S-3400N, Tokyo, Japan) after metal spraying.

To localize SDF-1 and BMP-2, modified scaffolds were immersed in different concentrations of SDF-1 or BMP-2 solutions for 4 hours at room temperature. To evaluate the encapsulation efficiency of SDF-1 and BMP-2 in the CSO/H NPs, the amounts of the free cytokines in the solution were determined by ELISA. Drug encapsulation efficiency was calculated by the following equation:[@b27-ijn-13-7395] $$\text{Encapsulation~efficiency~}(\%) = \frac{\text{Total~amount~of~cytokines~added} - \text{Free~cytokines}}{\text{Total~amount~of~cytokines~added}} \times 100\%$$

In vitro release
----------------

The NP-modified scaffolds with loaded cytokines were placed in 10 mL tubes in triplicate. The samples contained 300 ng of BMP-2 or 300 ng of SDF-1. PBS (3 mL) was then added into each tube and incubated at 37°C with 100 rpm agitation. At the preset time points, the PBS in the tubes was collected and replaced. The concentration of cytokines in the PBS was determined by an SDF-1 ELISA kit (DY 460, Minneapolis, MN, USA) and BMP-2 ELISA kit (DBP200, Minneapolis, MN, USA). The cytokine ELISAs were performed according to the manufacturer instructions using a standard curve. The amount of cytokines released was determined from a calibration curve based on known concentrations of SDF-1 or BMP-2.

Preparation of MSCs and labeling with green fluorescent protein
---------------------------------------------------------------

MSCs were extracted from 2- to 3-week-old C57BL/6 female mice in accordance with the reported protocol.[@b28-ijn-13-7395] Briefly, the animals were sacrificed, and the marrow in the humeri, tibias, and femurs was flushed with Minimum Essential Medium/Earle's Balanced Salt Solution (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the bones were cut into 1--3 mm^2^ bone chips and digested by collagenase II for 1--2 hours in a shaking incubator at 37°C with a shaking speed of 200 rpm. Next, the hips were resuspended in normal culture medium containing MEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 1% antibiotic -- penicillin and streptomycin solution (Sigma Aldrich) in a 25-cm^2^ plastic culture flask. The MSCs migrated from the bone fragments in the days that followed. The flask was kept in a humidified 5% CO~2~ incubator at 37°C for 72 hours. The medium was replenished every 3 days up to passages 2--4.

Green fluorescent protein (GFP)-labeled MSCs were prepared with Lipofectamine^®^ 3000 reagent (Thermo Fisher Scientific) according to the instructions. The DNA transfected contained the GFP gene and anti-puromycin gene, and the GFP-labeled MSCs were screened by normal culture medium supplemented with 1% puromycin.

All procedures in this study involving animals were approved by the animal ethics committee of Central South University, People's Republic of China and we followed the Laboratory animal Guideline for ethical review of animal welfare (GB/T 35892-2018).

In vitro cytotoxicity and cell compatibility model
--------------------------------------------------

The CCK-8 assay was applied to study the cytotoxicity of the NP-modified CAG scaffolds and whether they inhibit proliferation of MSCs. First, 5×10^3^ MSCs were seeded in normal culture medium into each well of a 24-well plate. The cells were then cultured for different periods of time (1--5 days after cells seeded) with modified scaffolds or unmodified scaffolds. The scaffolds were immersed in the medium but kept away from contact with the cells by a customized Transwell. Following a predetermined period of incubation, we removed the scaffolds and medium. Then, 400 µL medium and 40 µL of CCK-8 solution were successively added to each well. The cells were then incubated at 37°C for 4 hours. The optical density was measured at 490 nm using a multiscan spectrometer (Varioskan Flash, Thermo Electron Corporation, Wilmington, DE, USA). The optical density is linearly proportional to the number of living cells in the sample.

To observe the cell compatibility of the modified scaffolds, we seeded the MSCs onto the scaffolds and then the scaffolds with MSCs were incubated in a 24 well-plate. The plate was kept in a humidified 5% CO~2~ incubator at 37°C. The cell compatibility of materials was determined by assessing the density of cells attached to the scaffolds and the morphology of attached cells 2 days after cells were seeded.

In vitro model of MSC migration induced by SDF-1 released from NP-modified scaffolds
------------------------------------------------------------------------------------

A Transwell migration model was used to study the ability of SDF-1 released from NP-modified scaffolds to induce migration of MSCs. Migration assays were carried out in a 24-well Transwell using polycarbonate membranes with 8-µm pores (Corning Costar, Cambridge, MA, USA). Next, MSCs at a density of 4×10^5^ cells/mL in 100 µL of medium were placed in the upper chamber of the Transwell assembly. Following a predetermined period of incubation, the upper surface of the membrane was gently swabbed to remove nonmigrating cells and then washed twice with PBS. The membrane was then fixed in 5% glutaraldehyde for 30 minutes and stained with 0.5% crystal violet for 10 minutes at room temperature. The number of migrating cells was determined by counting cells in five randomly selected fields per well under the microscope at a magnification of 100×.

In vitro MSC osteogenesis induced by BMP-2 released from NP-modified scaffolds
------------------------------------------------------------------------------

The activity of BMP-2 released from the NP-modified scaffold was detected by an osteogenic induction assay. MSCs (4×10^4^) were seeded in each well of a 24-well plate with normal culture medium, and the NP-modified scaffolds with 300 ng BMP-2 loaded were immersed in medium but kept away from contact with the cells. Three groups of culture plates were treated with normal culture medium (negative control), normal culture medium supplemented with 300 ng BMP-2, and osteogenesis induction culture medium (positive control), respectively. Following a predetermined period of incubation (7, 14, and 21 days) in a humidified 5% CO~2~ incubator at 37°C, the ALP in each well was measured using an ALP microplate test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China), and the samples in each well were stained with 0.1% alizarin red and imaged with a microscope.

In vivo model of MSC recruitment induced by SDF-1 released from NP-modified scaffolds
-------------------------------------------------------------------------------------

An animal MSC recruitment model was used to study the ability of SDF-1 released from NP-modified scaffolds to induce migration of MSCs. Male athymic nude mice (7 weeks old) received implantation of NP-modified scaffolds with loaded SDF-1 or NP-modified scaffolds alone. The scaffolds were implanted subcutaneously into the back of each mouse after anesthesia with pentobarbital (50 mg/kg). Following a predetermined period (1, 3, 7, 10, 15, and 18 days), 1×10^6^ GFP-MSCs in 100 µL was injected into the veins of the tails. The mice were observed 48 hours later by the IVIS Spectrum (PerkinElmer) to detect chemotaxis of SDF-1 released from NP-modified scaffolds after the predetermined time. The chemotaxis of SDF-1 was determined by green fluorescence intensity of the implant position.

Statistical analysis
--------------------

The experimental values are expressed as means ± SD. Two-way ANOVA and Student's *t*-test were performed by using Graph-Pad Prism (v6.04, GraphPad Software, La Jolla, CA, USA) software. *P*\<0.05 indicates statistical significance.

Results
=======

Characterization of CSO/H NPs
-----------------------------

Based on previous research results, we further optimized the ratio of CSO and heparin, and obtained nanoparticles with better size parameters. Characterization of the CSO/H NPs is shown in [Table 1](#t1-ijn-13-7395){ref-type="table"}. The average particle sizes in the two groups were 100.7 and 92.4 nm. Nanoparticles in both of the groups had a good polydispersity index (PDI; \<0.25). The zeta potentials in the two groups were also favorable (absolute values \>30 mV). The optimal size of nanoparticles designed for drug delivery is 50--150 nm, to confer a high surface area-to-volume ratio. The relatively low PDI and greater absolute values of zeta potential indicate that the size distribution of the nanoparticles was uniform, and the particles can be more stably suspended, which is suitable for the requirements of this study. We selected the group 1 CSO/H NPs for further study because the positively charged particles (zeta potential \~33.4 mV) can modify the CAG scaffold by crosslinking to the negatively charged gelatin. [Figure 1A](#f1-ijn-13-7395){ref-type="fig"} shows the size distribution and [Figure 1B--F](#f1-ijn-13-7395){ref-type="fig"} shows the transmission electron microscope images ([Figure 1B--D](#f1-ijn-13-7395){ref-type="fig"}) and scanning electron microscope images ([Figure 1E and F](#f1-ijn-13-7395){ref-type="fig"}) for these CSO/H NPs, which were spherical with a mean diameter of \~100.7 nm, suggesting an ideal size for drug delivery.

Characterization of CAG scaffolds and scaffolds with immobilized nanoparticles
------------------------------------------------------------------------------

Among the different combinations of varying polymer concentrations, we found good mechanical stability when using 1% chitosan with 2%--3% agarose and 1% gelatin concentrations in the polymer solution mixture ([Table 2](#t2-ijn-13-7395){ref-type="table"}). The appearance and the microstructure under SEM of CAG scaffolds are shown in [Figure 2A and B](#f2-ijn-13-7395){ref-type="fig"}. The CAG scaffold exhibited the ideal characteristics of a cell scaffold, such as a three-dimensional structure, high porosity, and high surface area-to-volume ratio. The microporous structure of the CAG scaffolds consisted of interconnected pores with an average diameter of 100 µm and a thin pore wall ([Figure 2B](#f2-ijn-13-7395){ref-type="fig"}). As shown in [Table 2](#t2-ijn-13-7395){ref-type="table"}, both of the CAG scaffolds had a high porosity, swelling ratio, and flow rate, which is suitable for cell adhesion, infiltration, and proliferation.

As shown in [Figure 3](#f3-ijn-13-7395){ref-type="fig"} and [Table 2](#t2-ijn-13-7395){ref-type="table"}, both the CAG scaffolds could be modified by CSO/H NPs. For immobilizing NPs, the group 1 CAG scaffold could immobilize many more NPs into the pores than the scaffold of group 2. With a relatively high content of gelatin, the group 1 CAG scaffold had more exposed negatively charged radicals, which could be adsorbed by positively charged CSO/H NPs. Therefore, we selected the group 1 CAG scaffold for further analysis because of its advantageous content for immobilizing NPs.

SDF-1 and BMP-2 encapsulation efficiency and in vitro release
-------------------------------------------------------------

[Table 3](#t3-ijn-13-7395){ref-type="table"} shows the cytokines encapsulation efficiency of the NP-modified CAG scaffold. The NP-modified CAG scaffold had a high encapsulation efficiency (\>80%) of both SDF-1 and BMP-2. The physiological concentration of the cytokines is much lower than 100 ng mL^−1^. Therefore, the cytokine loading content is sufficient to meet the needs required by tissue engineering.

The in vitro release profiles of the cytokines (SDF-1 and BMP-2) loaded in the NP-modified scaffolds are shown in [Figure 4](#f4-ijn-13-7395){ref-type="fig"}. The NP-modified scaffolds with loaded SDF-1 displayed a typical initial burst release in the first 3 days and exhibited a gentler release pattern after 5 days. In contrast, the release profiles of BMP-2 exhibited a gentler release pattern similar to a zero-order release pattern in kinetics. However, NP-modified scaffolds loaded with both SDF-1 and BMP-2 effectively achieved sustained release profiles for more than 15 days. Sustained release of cytokines could maintain the bioactivity of the cytokines loaded in the NP-modified scaffold for a long period of time.

In vitro cytotoxicity and cell compatibility model
--------------------------------------------------

A CCK-8 assay was used to evaluate the cytotoxic effects of the NP-modified CAG scaffold or unmodified scaffold on MSCs, which were cultured in 400 µL of normal culture medium with the scaffolds immersed ([Figure 5A](#f5-ijn-13-7395){ref-type="fig"}). As shown in [Figure 5B](#f5-ijn-13-7395){ref-type="fig"}, the proliferation ability of MSCs among the three groups was not significantly different on days 1 and 2. There was a significant difference in the proliferation ability between the CAG-NP group and the control group on days 3--5 (*P*\<0.05). The OD value of the two groups fluctuated during the last 3 days. There was only a significant difference in the OD value between the CAG group and the control group on day 3, and as a whole, the proliferation ability of MSCs in the two groups was not significantly different. As shown in [Figure 5B](#f5-ijn-13-7395){ref-type="fig"}, the NP-modified CAG scaffold or unmodified scaffold showed no significant cytotoxicity to MSCs. [Figure 5C and D](#f5-ijn-13-7395){ref-type="fig"} shows a high density of MSCs attached to the scaffolds, and the shape of the attached cells was fusiform or polygon, which is indicative of healthy cells. The results demonstrated excellent cell compatibility of the NP-modified CAG scaffolds.

Effect of SDF-1 released from NP-modified scaffolds on migration of MSCs
------------------------------------------------------------------------

The ability of released SDF-1 to induce chemotaxis in vitro was tested using a Transwell system ([Figure 6A](#f6-ijn-13-7395){ref-type="fig"}). Migration of MSCs across the transmembrane was then quantified by removing the cells from the seeded side and staining the underside of the membrane with crystal violet. SDF-1 induced migration of the MSCs across the Transwell membrane. MSCs were then induced for 12--72 hours by the NP-modified scaffolds alone, SDF-1 alone, or NP-modified scaffolds with loaded SDF-1. There was no statistically significant difference in the numbers of MSCs crossing the transmembrane between the SDF-1 alone group and SDF-1--NP-scaffold group until 48 hours of incubation (*P*\<0.01, [Figure 6B and C](#f6-ijn-13-7395){ref-type="fig"}), indicating that the NP-modified scaffolds could maintain the bioactivity of SDF-1 for a long period of time.

Effect of BMP-2 released from NP-modified scaffolds on osteogenesis of MSCs
---------------------------------------------------------------------------

[Figure 7](#f7-ijn-13-7395){ref-type="fig"} presents the results of the analysis of the ALP activity and alizarin red staining of MSCs seeded onto 24-well plates and cultured with the materials for up to 21 days, respectively. As shown in [Figure 7A](#f7-ijn-13-7395){ref-type="fig"}, much lower ALP activity was observed in the groups lacking induction medium (CAG-NPs) than in the other groups, implying that the pure scaffold or the nanoparticles from the scaffold do not improve early osteogenesis (ALP activity). In contrast, the other groups (BMP-2, CAG-NPs loaded with BMP-2, and positive control) showed significantly improved ALP activities. The ALP activity of the cells exposed to CAG-NPs loaded with BMP-2 exhibited a similar tendency to that obtained with the BMP-2 group in the first week. However, the ALP activity continued to increase in the BMP-2-loaded groups, exceed the BMP-2 group (*P*\<0.01), and get close to that of the induction media group (*P*\<0.05) over the 14 days. It is possible that the sustained release of BMP-2 led to continuous osteogenesis induction, and the ALP activity in BMP-2-loaded groups eventually exceeded that of the induction media group, but not significantly (*P*=0.09).

The calcium depositions and calcium nodes were further characterized through alizarin red staining 7, 14, and 21 days after the MSCs were seeded. As shown in [Figure 7B](#f7-ijn-13-7395){ref-type="fig"}, cells in the positive control, the BMP-2, and CAG-NPs with loaded BMP-2 groups exhibited positive staining, whereas the NP-modified CAG scaffold group had almost no positive staining, implying that the scaffold or the nanoparticles have no significant positive effect on the promotion of osteogenic differentiation of MSCs. Compared with the BMP-2 group, the NPs CAG scaffolds with loaded BMP-2 also showed more significant positive staining in the last 2 weeks. More importantly, the CAG-NPs with loaded BMP-2 group presented the most significant positive staining among these groups after 21 days incubation, implying a synergistic effect of BMP-2 and the delivery system in osteoinduction.

In vivo recruitment of MSCs by SDF-1 released from NP-modified scaffolds
------------------------------------------------------------------------

The ability of released SDF-1 to induce chemotaxis in vivo was tested using an animal MSC recruitment model ([Figure 8](#f8-ijn-13-7395){ref-type="fig"}). The MSCs recruited to the target position by SDF-1 released from NP-modified scaffolds were detected with the IVIS Spectrum. As [Figure 8](#f8-ijn-13-7395){ref-type="fig"} shows, a relatively high luminance of fluorescence was excited in the first 10 days. The fluorescence became much weaker on the 15th day and then vanished eventually. On the contrary, the control group showed no fluorescence at every time point ([Figure 8](#f8-ijn-13-7395){ref-type="fig"}). This result indicates that SDF-1 released from NP-modified scaffolds could recruit MSCs in vivo for more than 2 weeks. The recruitment of MSCs by released SDF-1 may be a better solution for supplying seed cells for bone tissue engineering.

Discussion
==========

Bone tissue engineering is the most likely alternative to the conventional bone grafts because tissue-engineered substitutes possess unique advantages, such as abundant supply, self-repairing capability, and better biocompatibility.[@b12-ijn-13-7395],[@b13-ijn-13-7395] The key elements for bone tissue engineering are seed cells and the scaffold for cell adhesion, proliferation, and differentiation. In this study, we demonstrated that the NPs-modified CAG scaffold with cytokines loaded almost covers these key elements of tissue engineering.

Nanoparticles constructed with heparin have been studied as cytokine delivery carriers for years because many cytokines, such as stromal SDF-1, BMP-2, vascular endothelial growth factor, placental growth factor, platelet-derived growth factor, and fibroblast growth factor,[@b29-ijn-13-7395]--[@b33-ijn-13-7395] can bind to heparin through their conserved amino acid sequences. The use of chitosan and heparin for the delivery of bioactive molecules has many advantages, including being inexpensive, biodegradable, noncytotoxic, nonimmunogenic,[@b34-ijn-13-7395],[@b35-ijn-13-7395] easy to process, absorbable, and having safe degradation end product.[@b36-ijn-13-7395],[@b37-ijn-13-7395] Our previous study about CSO/H NPs showed that they are stable in physiological pH solution and exhibited improved biocompatibility of chitosan-based nanoparticles.[@b19-ijn-13-7395] However, nanoparticles composed of CSO and heparin cannot easily meet the time stipulations of tissue engineering, which usually requires a period of a few weeks. In fact, as a cytokine delivery system, pure nanoparticles will be dispersed in a short time in vivo.[@b19-ijn-13-7395] In this study, the positively charged CSO/H NPs were proven to modify the CAG scaffold by crosslinking to the negatively charged gelatin, and the CAG scaffold was used as a carrier for CSO/H NPs and protected the NPs from being dispersed by body fluid. Thus, the CSO/H NP-modified CAG scaffold could be used for sustained delivery of SDF-1 and BMP-2.

CSO/H NPs were prepared by self-assembly. Like chitosan, CSO is suitable for developing self-assembled polymeric nanoparticles because of the availability for crosslinking with free amino groups and the cationic nature, which allows combination with multivalent anions.[@b38-ijn-13-7395] Heparin, with its multivalent anions and carboxylic group, can combine with CSO. The charge on the CSO/H NP is determined by the ratio of the surface molecules (CSO and heparin). The relatively larger absolute zeta potential value was associated with a comparatively small size and PDI.[@b19-ijn-13-7395] Therefore, we further optimized the ratio of CSO and heparin, and obtained nanoparticles with better size parameters ([Table 1](#t1-ijn-13-7395){ref-type="table"}). The optimal size of nanoparticles designed for drug delivery iŝ50--150 nm, which confers a high surface area-to-volume ratio.[@b39-ijn-13-7395] In this study, the particle size of the CSO/H NPs varied from 92.4 to 100.7 nm, suggesting an ideal size for drug delivery.

The three-dimensional microporous CAG scaffold was synthesized using a mixture of agarose and chitosan polymers with gelatin as a substrate for cells or CSO/H NPs. The polymers used could not individually satisfy all the desirable properties for tissue-engineered scaffolds. Agarose is an inert polymer, which does not favor cell adhesion but has good mechanical and elastic behavior; chitosan mimics the glycosaminoglycans structure, but its gels are brittle; and gelatin is very good for cell cultivation, but its gels have little mechanical integrity. So, we have used these polymers to align the properties required for tissue engineering and overcome their drawbacks via the synthesis of a blended scaffold. In the cryogelation process of the polymer reaction mixture, agarose self-gelates and chitosan were cross-linked by glutaraldehyde (0.2%) in the presence of gelatin. Glutaraldehyde was used to cross-link the free amino groups present in chitosan and gelatin chains.[@b24-ijn-13-7395] There is another possibility of self-cross-linking of chitosan and gelatin chains.[@b40-ijn-13-7395] Different concentrations of polymers were utilized in this study (data not shown). Among the different combinations of varying polymer concentrations, we found good mechanical stability using a 1% chitosan concentration with 1% gelatin and 2% or 3% agarose in the polymer solution mixture ([Table 2](#t2-ijn-13-7395){ref-type="table"}). However, because of the greater number of negatively charged radicals exposed in gelatin, the CAG scaffold with 2% agarose could adsorb many more CSO/H NPs than the 3% agarose scaffold ([Table 2](#t2-ijn-13-7395){ref-type="table"}, [Figure 3](#f3-ijn-13-7395){ref-type="fig"}).

The cytokines were loaded into materials after the NP-modified CAG scaffolds were prepared and not during their preparation. Preparation of most biomaterials involves organic solvents, heating, or electricity.[@b41-ijn-13-7395]--[@b43-ijn-13-7395] Hence, cytokines may be inactivated if added during the preparation process. Therefore, the cytokines were not exposed to adverse conditions because they were loaded after the delivery system was prepared. The CSO/H NPs on the CAG scaffold can load not only a large amount of cytokines but also a variety of cytokines (including SDF-1 and BMP-2, [Table 3](#t3-ijn-13-7395){ref-type="table"}), indicating that these nanoparticles could serve as a suitable carrier for cytokines. The hyaluronic acid hydrogels prepared by Holloway et al can also load 1.0 µg SDF-1 and BMP-2,[@b22-ijn-13-7395] and showed significant bone formation effect. Actually, the loading capacity of the scaffold is no more a problem because the physiologic of the cytokines concentration is much lower (1 µg/mL). Cytokines have a very short half-life and are very vulnerable to hostile environments.[@b44-ijn-13-7395],[@b45-ijn-13-7395] The SDF-1 and BMP-2 loaded in this material could maintain their bioactivity for more than 15 days, and the materials effectively achieved a sustained cytokine release profiles. Sustained release of cytokines allows for sustainable and effective bioactivity of the cytokines at the target position.

The golden standard for tissue engineering biomaterials does not involve the structure or the biochemical properties, but the favorable biocompatibility and the biological effect induced by the materials. We assessed the cellular compatibility of the CAG scaffold and the NP-modified scaffold with a CCK-8 assay. As shown in [Figure 5B](#f5-ijn-13-7395){ref-type="fig"}, the MSCs cocultured with the CAG scaffold and NP-modified scaffold had a growth curve similar to the MSCs in the control group. The MSCs seeded onto the NP-modified scaffold adhered to the scaffolds, and the cells exhibited a healthy morphology, demonstrating excellent cell compatibility of the NP-modified CAG scaffold.

Scaffolds, stem cells, and the active factors in the microenvironment are indispensable for tissue engineering.[@b46-ijn-13-7395],[@b47-ijn-13-7395] There are still no methods to meet all the requirements above, at present. In this study, we proposed a novel material for tissue engineering. The three-dimensional CAG scaffold with super micropores could enhance the MSC passage, waste transport, and nutrient supply efficiently throughout the scaffold.[@b48-ijn-13-7395],[@b49-ijn-13-7395] The in vitro MSC migration assay and the in vivo MSC recruitment study showed a strong chemotaxis ability of the NP-modified CAG scaffolds with loaded SDF-1. Therefore, we believe that NP-modified CAG scaffolds with loaded SDF-1 could recruit autologous MSCs in vivo for a long period of time. The in vitro osteogenesis study showed that the ALP activities induced by the scaffolds with loaded BMP-2 increased throughout the first 21 days, suggesting that the sustained release of BMP-2 could continually stimulate ALP expression. BMP-2 may be the most important active factor in the microenvironment for bone tissue engineering,[@b50-ijn-13-7395] and sustained release of BMP-2 provides the scaffold with a much more favorable microenvironment. From the above, the CSO/H NP-modified CAG scaffold with loaded SDF-1 and BMP-2 will be a potential cytokine delivery scaffold for bone tissue engineering.

However, there are some limitations to our study. An animal model may need to be developed to investigate the availability and effectiveness of CSO/H NP-modified CAG scaffolds with loaded SDF-1 and BMP-2 for bone tissue repair and regeneration in vivo. Also, there are still several problems to be solved before the in vivo experiment. Firstly, the exposure time and concentration of SDF-1 can cause different biological effects, so we need to find a proper amount of SDF-1 we used in vivo, which make the SDF-1 exert the chemotactic functions but not promote primary tumor development, growth, and metastases. Secondly, we are trying to delay the release of BMP-2 after SDF-1 and the sequential release of cytokines may lead to a better synergistic effect. In addition, the structural strength of the scaffold is not sufficient, so further investigations are needed to refine these NP-modified CAG scaffolds so that they can completely meet the needs of bone tissue engineering or regeneration.

Conclusion
==========

CSO/H NP-modified CAG scaffolds can be used as a cytokine delivery scaffold for tissue engineering or regeneration. CSO/H NPs can be prepared by self-assembly using CSO and heparin, and the CAG scaffolds can be synthesized with CAG and modified by CSO/H NPs. They have a excellent cell compatibility, high cytokine loading capacity, and can maintain the bioactivity of cytokines for more than 15 days. Therefore, the novel NP-modified scaffold may be a promising biomaterial for tissue engineering.
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![Characterization of CSO/H NPs.\
**Notes:** (**A**) Size distribution, (**B**--**D**) TEM images, and (**E**, **F**) SEM images of group 1 CSO/H NPs.\
**Abbreviations:** CSO, chitosan oligosaccharide; H, heparin; NPs, nanoparticles; SEM, scanning electron microscopy; TEM, transmission electron microscopy.](ijn-13-7395Fig1){#f1-ijn-13-7395}

![Characterization of CAG scaffold.\
**Notes:** Appearance (**A**) and SEM images (**B**) of CAG scaffold.\
**Abbreviations:** CAG, chitosan-agarose-gelatin; SEM, scanning electron microscopy.](ijn-13-7395Fig2){#f2-ijn-13-7395}

![SEM images of CSO/H NP-modified CAG scaffold.\
**Note:** (**A**, **B**) Group 1 scaffold modified with NPs; (**C**, **D**) Group 2 scaffold modified with NPs.\
**Abbreviations:** CAG, chitosan-agarose-gelatin; CSO, chitosan oligosaccharide; H, heparin; NP, nanoparticle; SEM, scanning electron microscopy.](ijn-13-7395Fig3){#f3-ijn-13-7395}

![Release kinetics of SDF-1 and BMP-2 from the NP-modified CAG scaffold were measured using an ELISA, n=3 for each group.\
**Abbreviations:** BMP-2, bone morphogenic protein-2; CAG, chitosan-agarose-gelatin; SDF-1, stromal cell-derived factor 1.](ijn-13-7395Fig4){#f4-ijn-13-7395}

![A CCK-8 assay was used to evaluate the cytotoxic effects of the NP-modified CAG scaffold or unmodified scaffold on MSCs.\
**Notes:** (**A**) Pictorial images of the in vitro cytotoxicity model. (**B**) Cell proliferation test using the CCK-8 assay. There is a significant difference in proliferation ability between the CAG-NP group and the control group on days 3--5 (*P*\<0.05). The OD value of the two groups fluctuated during the last 3 days. There was only a significant difference in OD value of the CAG group and the control group on day 3 (*P*\<0.05). (**C**, **D**) Representative image of MSCs attached to the NP-modified scaffolds and the morphology of the attached cells, n=5 for each group.\
**Abbreviations:** CAG, chitosan-agarose-gelatin; CCK-8, Cell Counting Kit-8; MSCs, mesenchymal stem cells; NP, nanoparticle.](ijn-13-7395Fig5){#f5-ijn-13-7395}

![An in vitro Transwell migration model was used to analyze the ability of SDF-1 released from NP-modified scaffolds to induce site-directed migration of stem cells.\
**Notes:** (**A**) Pictorial images of transmigrated MSCs in response to SDF-1 only, CAG-NP control, and NP-modified scaffolds with loaded SDF-1 in a Transwell assay. (**B**) Representative images of transmigrated MSCs in response to the SDF-1 only, CAG-NP control, and NP-modified scaffold with loaded SDF-1 in a Transwell assay. Magnification is 100×. (**C**) Average number of transmigrated MSCs in a Transwell migration assay after 12, 24, 48, and 72 hours of incubation. Results are mean values ± SEM of five different fields from three independent experiments. \*\**P*\<0.01, n=15. Results are mean values ± SD of five different fields from three independent experiments. \**P*\<0.05, \*\**P*\<0.01, n=15.\
**Abbreviations:** CAG, chitosan-agarose-gelatin; MSCs, mesenchymal stem cells; NP, nanoparticle; NS, nonsignificant; SDF-1, stromal cell-derived factor 1.](ijn-13-7395Fig6){#f6-ijn-13-7395}

![(**A**) Analysis of the ALP activity of MSCs seeded into the 24-well plates and cultured with the materials for up to 21 days. (**B**) Alizarin red staining of MSCs seeded on scaffolds for up to 21 days: the CAG-NP group was incubated with minimum medium and the positive control (+) group was incubated with osteoinductive medium. Magnification is 100×.\
**Notes:** Results are mean values ± SEM. \**P*\<0.05, \*\**P*\<0.01, n=4 for each group.\
**Abbreviations:** ALP, alkaline phosphatase activity; BMP-2, bone morphogenic protein-2; CAG, chitosan-agarose-gelatin; MSCs, mesenchymal stem cells; NP, nanoparticle; NS, nonsignificant; SEM, scanning electron microscopy.](ijn-13-7395Fig7){#f7-ijn-13-7395}

![In vivo recruitment of MSCs by SDF-1 released from NP-modified scaffold.\
**Note:** The SDF-1 released from the NPs-modified scaffold could recruit MSCs in vivo for more than 15 days, and the NPs-modified scaffold show no evident chemotactic activity, n=3. (**A**--**F**) CAG-NP & SDF-1 group, (a--f) CAG-NP group.\
**Abbreviations:** CAG, chitosan-agarose-gelatin; MSCs, mesenchymal stem cells; NP, nanoparticle; SDF-1, stromal cell-derived factor 1.](ijn-13-7395Fig8){#f8-ijn-13-7395}

###### 

The characteristics of CSO/H NPs, including composition, size, polydispersity index, and zeta potential

  Group   CSO/heparin (v/v)   Size (nm)   PDI           Zeta potential (mV)
  ------- ------------------- ----------- ------------- ---------------------
                                                        
  1       4:1                 100.7±1.6   0.122±0.012   33.4±1.1
  2       2:15                92.4±0.8    0.152±0.006   −38.2±0.8

**Note:** CSO concentration: 1.0 mg mL^−1^, heparin concentration: 0.25 mg mL^−1^, n=4.

**Abbreviations:** CSO, chitosan oligosaccharide; H, heparin; NPs, nanoparticles; PDI, polydispersity index.

###### 

The characteristics of chitosan-agarose-gelatin cryogels and the immobilized content of CHO/H NPs

  Group                                     1             2
  ----------------------------------------- ------------- ------------
                                                          
  Chitosan-agarose-gelatin content (%)      4             5
  Chitosan--agarose ratio                   1:2           1:3
  Gelatin (%)                               1             1
  Glutaraldehyde (%)                        0.2           0.2
  Porosity (%)                              82            79
  Swelling ratio (%)                        94.7          91.2
  Flow rate (mL min^−1^)                    Up to 10      Up to 10
  Degree of degradation (%)                 15.63         14.24
  Immobilizing content of NPs (µg mg^−1^)   17.52± 4.16   10.76±2.28

**Note:** The content of chitosan, agarose, or gelatin in this table is the weight added in water.

**Abbreviations:** CSO, chitosan oligosaccharide; H, heparin; NPs, nanoparticles.

###### 

The cytokines encapsulation efficiency of CSO/H NPs-modified CAG scaffold in various cytokines/NP (w/w) ratios

  Group          2 µg/mg      1 µg/mg      500 ng/mg    250 ng/mg
  -------------- ------------ ------------ ------------ ------------
                                                        
  SDF-1 EE (%)   89.54±1.39   94.37±1.48   94.41±1.37   93.53±1.87
  BMP-2 EE (%)   82.73±2.95   92.67±1.82   92.85±1.52   93.78±1.25

**Note:** The cytokines/NP (w/w) ratios are 2 µg, 1 µg, 500 ng and 250 ng: 1 mg.

**Abbreviations:** BMP-2, bone morphogenetic protein-2; CAG, chitosan-agarose-gelatin; CSO, chitosan oligosaccharide; EE, encapsulation efficiency; H, heparin; NP, nanoparticle; SDF-1, stromal cell-derived factor 1.
